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DESCRIPTION and CLAIMS amended under PCT Artic le 34, filed 
with the letter of 22 DECEMBER 2004 

SEMICONDUCTOR MEMORY ELEMENT AND ULTRASONIC SENSOR 



Technical Field 

The present invention relates to a semiconductor memory 
element and an ultrasonic sensor. 



Background Art 

In recent years, various electronic devices taking 
advantage of properties, e.g., hysteresis, a pyroelectric 
effect, a piezoelectric effect, and an electrooptical effect, 
exhibited by a ferroelectric have been researched. Most of 
all, an application of a device including a 
Metal/Ferroelectric/Metal/Insulator/Semiconductor (MFMIS) 

structure to nonvolatile memory elements and sensors is 
expected . 

As for this structure, it is expected that the device 
performance can be improved and the size can be miniaturized 
by making the ferroelectric a thin film. Furthermore, it is 
believed that integration with an integrated circuit can be 
performed by using a semiconductor substrate. 

In the device including the MFMIS structure, an upper 
electrode and a lower electrode are necessary to derive a 
signal from the ferroelectric or give a signal to the 



ferroelectric. For example, in the case where the 
ferroelectric is used as a sensor, signals appear at the 
upper and lower electrodes due to a physical effect applied 
to the ferroelectric. In the case where the ferroelectric 
is used as a memory element, electric signals must be given 
from the upper and lower electrodes to the ferroelectric in 
accordance with the data to be stored. 

On the other hand, the crystallinity of the 
ferroelectric is an important factor that determine the 
performance of the device. Since the ferroelectric is 
formed on a metal electrode in the MFMIS structure, the 
electrode is also required to have good crystallinity. 
Platinum (Pt) is used widely as a metal material for 
electrode at present. 

In the field of sensor devices, Pb(Zr,Ti)0 3 (PZT) base 
ferroelectric materials are used widely. It is known that 
the PZT base materials exhibit best ferroelectric properties 
when the crystal faces on the electrode are made to be (001) 
faces uniformly. In order to attain the PZT (001), Pt of the 
lower electrode must be a single crystal in which the (001) 
faces are aligned, and a single crystal MgO(OOl) substrate 
is used at present to attain such Pt . 

In addition, a Pt(lll) oriented film and a PZT (111) 
oriented film thereon can be produced by using a substrate 
in which a silicon (Si) oxide film is formed on the surface 
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of a silicon (Si) substrate and, thereafter, titanium is 
deposited. 

[Patent Document 1] 

Japanese Unexamined Patent Application Publication No. 
2002-261249 (pages 4 to 5, Fig. 2) 
[Non-Patent Document 1] 

Akai et al., Extended Abstracts (the 49th Meeting), the 
Japan Society of Applied Physics and Related Societies, 30a- 
ZA-6 

Disclosure of Invention 

As described above, a semiconductor (for example, Si) 
substrate capable of forming the Pt(001) has been required 
in order to produce a device in which an MFMIS structure 
including the PZT(OOl) exhibiting excellent ferroelectric 
properties and an integrated circuit are integrated. On the 
other hand, a currently-used single crystal MgO(OOl) 
substrate is an insulating material, and the above-described 
requirement cannot be satisfied. 

Furthermore, the above-described Patent Document 1 
discloses a semiconductor memory element characterized by 
sequentially depositing a highly oriented ferroelectric thin 
film on a Y-A1 2 0 3 single crystal film epitaxially grown on a 
semiconductor substrate. However, since no lower electrode 
is disposed in this structure, the semiconductor memory 
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element cannot be used for semiconductor sensors and the 
like . 

In consideration of the above-described circumstances, 
it is an object of the present invention to provide a 
semiconductor memory element and an ultrasonic sensor, in 
which an MFMIS structure having a lower electrode and an 
integrated circuit can be integrated. 

In order to achieve the above-described object, the 
present invention includes the following aspects. 

[1] A semiconductor memory element is characterized by 
including a y-Al 2 0 3 single crystal film epitaxially grown on 
a semiconductor single crystal substrate having an FET 
structure, an epitaxial single crystal Pt thin film disposed 
on the Y-AI2O3 single crystal film, a highly oriented 
ferroelectric thin film disposed on the epitaxial single 
crystal Pt thin film, and an upper electrode disposed on the 
ferroelectric thin film and having a memory feature. 

[2] The semiconductor memory element according to the 
above-described item [1] is characterized in that a Si 
single crystal substrate is used as the above-described 
semiconductor single crystal substrate. 

[3] The semiconductor memory element according to the 
above-described item [2] is characterized in that the 
surface of the above-described Si single crystal substrate 
is a (100) face. 
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[4] The semiconductor memory element according to any 
one of the above-described items [1], [2], and [3] is 
characterized in that a thin film made of any one of BaMgF 4 , 
Bi 4 Ti 3 0i2, (Bi,La) 4 Ti 3 0i2, BaTi0 3 , Ba x Sri-xTi0 3 , SrBi 2 Ta 2 0 9 , 
PbTi0 3 , Pb y Lai-yZr x Tii-x03f and ZnO is used as the above- 
described ferroelectric thin film. 

[5] An ultrasonic sensor is characterized by including 
a y-Al20 3 single crystal film epitaxially grown on a 
semiconductor single crystal substrate, an epitaxial single 
crystal Pt thin film disposed on the y-Al20 3 single crystal 
film, a highly oriented ferroelectric thin film disposed on 
the epitaxial single crystal Pt thin film, and an upper 
electrode disposed on the ferroelectric thin film, wherein 
the above-described semiconductor single crystal substrate 
is subjected to a treatment for adjusting a resonant 
frequency and an ultrasonic wave is detected. 

[6] The ultrasonic sensor according to the above- 
described item [5] is characterized in that the above- 
described semiconductor single crystal substrate has an SOI 
structure . 

Brief Description of the Drawings 

Fig. 1 is a diagram showing an atomic arrangement on a 
surface in a spinel structure of each of Pt and y-Al 2 0 3 . 

Fig. 2 is a sectional view of a single crystal y- 
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AI2O3 (001) /Si (001) substrate according to the present 
invention. 

Fig. 3 is a diagram showing an RHEED pattern of a 
single crystal y-Al 2 0 3 (001) /Si (001) substrate according to 
the present invention. 

Fig. 4 is a sectional view of a Pt/y-Al 2 0 3 (001) /Si (001) 
substrate according to an example of the present invention. 

Fig. 5 is a diagram showing an RHEED pattern (No. 1) of 
a Pt/y-Al203 (001) /Si (001) substrate according to an example 
of the present invention. 

Fig. 6 is a diagram showing an RHEED pattern (No. 2) of 
a Pt/y-Al 2 0 3 (001) /Si (001) substrate according to an example 
of the present invention. 

Fig. 7 is a diagram showing identification of spot 
positions in the RHEED pattern shown in Fig. 6. 

Fig. 8 is a diagram showing an XRD pattern of a 
Pt/sapphire (10-12) /Si (001) substrate as a comparative 
example . 

Fig. 9 is a sectional view of an MFMIS type sensor (No. 

1) according to an example of the present invention. 

Fig. 10 is a sectional view of an MFMIS type sensor (No. 

2) according to an example of the present invention. 

Fig. 11 is a configuration diagram of an MFMIS type 
semiconductor sensor integrated with a transistor, according 
to an example of the present invention. 
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Fig. 12 is a sectional view of an MFMIS type 
semiconductor memory element including a memory structure, 
according to an example of the present invention. 

Best Mode for Carrying Out the Invention 

The present invention will be described below. 
In the present invention, a single crystal insulating 
film is grown on a Si substrate and a Pt electrode is formed 
on the single crystal insulating film. Put another way, the 
single crystal insulating film is formed in between the Si 
substrate and the Pt electrode. In this manner, the single 
crystal Pt electrode can be readily produced, and the MFMIS 
structure is realized. The insulating film capable of 
epitaxially growing on the Si substrate is made of y-Al 2 0 3 . 

A crystal structure of a material to be laminated and a 
mismatch factor of lattice constant are important for 
lamination of a single crystal insulating film. Therefore, 
lattice constants of y-Al 2 0 3 , Pt, and MgO were studied. 
Table 1 shows the crystal structures and lattice constants 
thereof . 
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(Table 1) 





Crystal 
structure 


Crystal system 


Lattice constant 


Pt 


face- centered 
cubic structure 


cubic 


a = b = c = 3092 A 


Y-A1203 


spinel 
structure 


tetragonal 


a = b = 7.95 A 
c = 7.79 A 


MgO 


spinel 
j structure 


cubic 


a = b = c = 4.21 A 



Fig. 1 is a diagram showing an atomic arrangement on a 
surface in a spinel structure of each of Pt and Y-AI2O3 . Fig 
1(a) shows the atomic arrangement of Pt, and Fig. 1(b) shows 
the atomic arrangement of Y-AI2O3. 

In the spinel structure, when y-Al 2 0 3 is taken as an 
example, the surface can be assumed to be a face-centered 
cubic structure of Al, as shown in Fig. Kb). Likewise, in 
the case of Pt, the surface can also be assumed to be a 
face-centered cubic structure of Pt, as shown in Fig. 1(a). 

Therefore, the atomic arrangements on the (001) faces 
of Pt and Y-AI2O3 are geometrically equal. When lattice 
mismatch factors between the Pt(001) face and the y- 
Al 2 O 3 (001) face and between the Pt(001) face and the 
MgO (001) face were calculated from the lattice constants 
shown in Table 1, the values shown in Table 2 were obtained. 
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(Table 2) 





Lattice mismatch factor 


Pt (001) -Y-AI2O3 (001) 


1.4% 


Pt (001) -MqO(OOl) 


6.8% 



As is clear from this result, the lattice mismatch 
factor between Pt and Y-AI2O3 is adequately small, and 
furthermore, is smaller than the value between Pt and MgO. 
This indicates the possibility of epitaxial growth of single 
crystal Pt on Y-AI2O3. 

The technology for epitaxially growing a single crystal 
Y-AI2O3 film on a Si substrate has been made clear in the 
above-described Patent Document 1 related to the proposal by 
the inventors of the present invention. The cross-sectional 
structure of a substrate produced according to this is shown 
in Fig. 2. 

Fig. 2 is a sectional view of a single crystal Y-AI2O3 
film epitaxially grown on a Si substrate, according to the 
present invention. 

As for this drawing, whether a Y~Al2O3(001) film 2 
epitaxially grown on a Si (001) substrate 1 is a single 
crystal can be determined by observation of a diffraction 
pattern taken with a reflection high-energy electron 
dif fractograph (RHEED) . 

Fig. 3 shows an RHEED pattern of a single crystal Y" 
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AI2O3 (001) /Si (001) substrate shown in Fig. 2. 

As is clear from Fig. 3, the Y-Al2O 3 (001) film 2 
epitaxially grown on the Si (001) substrate 1 is a single 
crystal. In the present invention, the thus produced y- 
Al 2 O 3 (001) /Si (001) substrate (hereafter simply referred to 
as AI2O3 substrate) is used, and a single crystal Pt film is 
formed by a process described below. 

Fig. 4 is a sectional view of a Pt/y-Al 2 0 3 (001) /Si (001) 
substrate according to an example of the present invention. 

In this drawing, reference numeral 3 denotes an 
epitaxial single crystal Pt thin film. Here, a y-Al 2 0 3 film 
2 (14 nm) epitaxially grown on a Si (001) substrate 1 with a 
cold-wall CVD apparatus through the use of 0 2 and TMA (tri- 
methyl amine) as material gases was used as a substrate. A 
Pt thin film 3 was produced by an RF sputtering method. The 
sputtering gas was Ar alone, and the substrate temperature 
was varied from room temperature up to 600 °C. The 
crystallinity of the resulting Pt thin film 3 was analyzed 
with the RHEED (refer to Fig. 5 and Fig. 6). 

A production process of this Pt/y-Al 2 0 3 (001) /Si ( 001) 
substrate will be described. 

(1) An A1 2 0 3 substrate made of the y-Al 2 O 3 (001) film 2 
grown on the Si (001) substrate 1 is introduced into an RF 
sputtering apparatus. 

(2) The inside of the . sputtering apparatus is evacuated 
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with a vacuum pump up to a degree of vacuum within the range 



of 1 x 10" 2 Torr to 1 x 10 1 Torr. 

(3) An Ar gas is introduced into the apparatus and, 
thereby, the degree of vacuum is adjusted within the range 
of 1 x 10"° Torr to 1 x 10 _3 Torr. 

(4) The A1 2 0 3 substrate is heated to 550°C or more by a 
substrate heating mechanism. 

(5) Plasma is generated. 

(6) After presputtering is conducted, a shutter is 
opened, and the Pt thin film 3 is deposited on the AI2O3 
substrate. 

(7) After a predetermined film thickness is attained, 
the shutter is closed, and the generation of plasma is 
terminated. 

The crystal structure of the resulting Pt thin film was 
analyzed through the use of the RHEED. The results thereof 
are shown in Fig. 5 and Fig. 6. 

In the RHEED pattern shown in Fig. 5, only peaks 
ascribable to the Pt(002) face were observed and, therefore, 
it was ascertained that Pt was ( 001 ) -oriented . For more 
details, weak peaks of (111) and (002) were observed when 
sputtering was conducted at room temperature to 500 °C and, 
therefore, a polycrystalline Pt thin film was grown. A 
strong peak of (002) began to appear at 550°C, but a peak of 
(111) remained slightly. Therefore, epitaxial growth did 
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not occur. In the case of 600°C, the peak of (111) 
disappeared completely, and only the peak of (002) was 
observed. 

A spot pattern was also observed in the RHEED shown in 
Fig. 6 and, therefore, it was ascertained that the Pt(001) 
was epitaxially grown on the y-Al 2 0 3 ( 001 ) . In the case where 
Pt was sputtered on an R face of a-Al 2 0 3 (sapphire) under 
similar conditions, no ( 001 ) -oriented film was attained, but 
(111) orientation resulted. 

Furthermore, as a result of identification of spot 
positions and intervals in the RHEED pattern shown in Fig. 6, 
it was made clear that each spot was ascribable to the face 
shown in Fig. 7. From these results, it was ascertained 
that a single crystal Pt(001) was grown on the AI2O3 
substrate . 

In the case where Pt is deposited on a sapphire ( 10-12 ) 
face by using the above-described process, only a (111)- 
oriented Pt film, as shown in Fig. 8, is attained. Since a 
single crystal Y-A1 2 0 3 is used, a Pt (001) film is attained by 
using a Si substrate. 

The embodiments of the present invention will be 
described below in detail. 

(EXAMPLE 1) Configuration example 1 of ultrasonic 
sensor and infrared sensor 

Fig. 9 is a configuration sectional view of an MFMIS 
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type sensor produced by using a substrate having the 
structure of the present invention. 

As shown in Fig. 9, a single crystal y-Al 2 0 3 (001) film 
12 is grown on a Si (001) substrate 11 and, thereafter, a Si 
single crystal thin film 13 on the order of 5 Mm is grown 
for the purpose of handling. As a matter of course, since 
this structure is an SOI (Silicon On Insulator) structure, 
SOI structures produced by other methods may be used. 

A single crystal Y-Al 2 O 3 (001) film 14 is grown on the Si 
single crystal thin film 13, and a Pt thin film 15 is grown 
epitaxially. This serves as a lower electrode. 
Subsequently, a highly-oriented ferroelectric thin film 16 
is grown by an MOCVD method, a sol-gel method, or a 
sputtering method. Thereafter, an upper electrode (for 
example, gold black) 17 is disposed, and a desired size of 
ferroelectric thin film 16 is patterned. 

In the case where an infrared sensor is constructed 
from this, in order to effectively cause an increase in heat 
resulting from application of the infrared ray, the Si 
substrate 11 is etched from the back with an KOH solution or 
the like and, thereby, isolation of heat is facilitated. 
When an infrared ray is incident in between the thus 
constructed upper electrode 17 and the Pt lower electrode 15, 
a change in voltage (or a change in current when an ammeter 
is connected) in accordance with a change in a value of 
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spontaneous polarization (pyroelectric effect) of the 
ferroelectric thin film 16 is observed at levels 
commensurate with the amount of the incident infrared ray. 

In the case where an ultrasonic sensor is constructed, 
in order to adjust the resonant frequency, the Si substrate 
11 is cut similarly from the back. When an ultrasonic wave 
is incident in between the thus constructed upper electrode 
17 and the Pt lower electrode 15, a voltage is generated due 
to a piezoelectric effect. 

An MFMIS type sensor having a similar function can also 
be attained by a structure shown in Fig. 10. 

That is, a single crystal Y-Al2O 3 (001) film 22, a single 
crystal Pt lower electrode 23, a ferroelectric thin film 24, 
and an upper electrode 25 are formed on a Si substrate 21. 
A recess 2 6 is formed on a part of the Si substrate 21 and 
the single crystal y-Al 2 O 3 (001) film 22 and, thereby, an 
overhanging state is brought about. That is, in this case, 
the etching of the Si substrate 21 for isolation of heat or 
adjustment of the resonant frequency is conducted from the 
right side of the Si substrate 21. 

Fig. 11 is a configuration diagram of an MFMIS type 
semiconductor sensor integrated with a transistor, according 
to an example of the present invention. 

In this drawing, reference numeral 31 denotes a lower 
electrode (epitaxial single crystal Pt film) , reference 
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numeral 32 denotes a ferroelectric thin film, reference 
numeral 33 denotes an upper electrode, reference numeral 34 
denotes a resistance, reference numeral 35 denotes a field- 
effect transistor, reference numeral 36 denotes a gate, 
reference numerals 37 and 38 denote source • drains , reference 
numeral 39 denotes a power supply voltage (VDD) terminal, 
and reference numeral 4 0 denotes a sensor output (Vout) 
terminal . 

As described above, the charge generated due to the 
pyroelectric effect resulting from the application of 
infrared ray is converted into a change in voltage with the 
field-effect transistor (or MOS transistor) 35, as shown in 
Fig. 11, and the signal is derived. Consequently, noises 
can be reduced. The resistance 34 in the drawing is 
referred to as a shunt resistance. The current is converted 
into the voltage, and the speed of response to the infrared 
ray is controlled. 

Fig. 12 is a sectional view of an MFMIS-FET type 
semiconductor memory element including a memory structure 
according to an example of the present invention. 

In this drawing, reference numeral 41 denotes a 
semiconductor substrate [Si substrate], reference numerals 
42 and 43 denote source • drains, reference numeral 44 denotes 
an insulating film [epitaxial single crystal Y-Al 2 O 3 (001) 
film], reference numeral 45 denotes a lower electrode 
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(epitaxial single crystal Pt film), reference numeral 46 
denotes a ferroelectric thin film, and reference numeral 47 
denotes an upper electrode. 

This is a semiconductor structure in which the 
insulating film (epitaxial single crystal y-A1 2 0 3 film) 44 is 
disposed between the source • drains 42 and 43, a metal 
(epitaxial single crystal Pt film) 45 serving as a lower 
electrode is disposed thereon, the ferroelectric thin film 
46 is disposed thereon, and the upper electrode 47 is 
disposed. 

When a voltage of a certain value or more (for example, 
5 V) is applied to the upper electrode 47, a current flows 
between the source • drains 42 and 43. Even when the voltage 
of the upper electrode is reduced to 0 V, the current keeps 
on flowing due to the hysteresis of the ferroelectric 46. 
Subsequently, when a voltage less than or equal to a certain 
negative value (for example, -5 V) is applied to the upper 
electrode 47, the current stops flowing. Even when the 
voltage of the upper electrode 47 is returned to 0 V, no 
current flows due to the hysteresis of the ferroelectric 46. 

A thin film made of any one of BaMgF 4 , Bi 4 Ti 3 0i2, 
(Bi,La) 4 Ti 3 0i2, BaTi0 3 , Ba x Sn_ x Ti0 3 , SrBi 2 Ta 2 0 9 , PbTi0 3 , 
Pb y Lai-yZr x Tii- x 0 3 , and ZnO may be used as the ferroelectric 
thin film. 

The present invention is not limited to the above- 
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described example. Various modifications can be made based 
on the purport of the present invention, and these are 
included within the scope of the present invention. 

As described above in detail, the following effects can 
be exerted according to the present invention. 

(A) A single crystal y-Al 2 0 3 film (single crystal 
insulating thin film) is grown on a semiconductor substrate 
and the single crystal Y-Al 2 0 3 film is formed in between the 
semiconductor substrate and a Pt electrode. Consequently, a 
single crystal Pt electrode can readily be produced, and the 
MFMIS structure can readily be produced. 

(B) Devices taking advantage of ferroelectric thin 
films, most of all, semiconductor memory elements and 
semiconductor sensors, can be attained, and the improvement 
of performance thereof and the miniaturization in size can 
be facilitated. 

Industrial Applicability 

The semiconductor memory element and the ultrasonic 
sensor of the present invention are suitable for, in 
particular, semiconductor devices in which the performance 
is improved and the size is miniaturized. 



